B
iomass annual crops compete for production sites with those used for producing feeds and foods, increase risks of pollution associated with the use of synthetic fertilizers and pesticides, are expensive, and have a less than desirable energy balance. In Canada, approximately 54% of the potential agricultural land has major limitations for crop production (Environment Canada, 1978) . Although they are considered marginal for annual crops, they have significant potential for biomass production from perennial grass crops.
Reed canarygrass is a high-yielding cool-season C3 species, is well adapted to the cooler regions and marginal soils of the northern areas of North America. Its growth characteristics make it suitable for biomass production (Wrobel et al., 2009; Olmstead et al., 2013) . Reed canarygrass has been assessed as an energy crop in Canada (Massé et al., 2011) , the United States (Casler et al., 2009; Nadeem Tahir et al., 2011) , and in several northern European countries (Landström et al., 1996; Geber, 2002; Christian et al., 2006; Lehtomäki et al., 2008; Kukk et al., 2011; Heinsoo et al., 2011; Allison et al., 2012; Butkutė et al., 2014) . The timing of the reed canarygrass harvest has been shown to affect the energy production from its biomass (Massé et al., 2011) .
Cool-season perennial grass crops have the potential to use N from organic amendments efficiently (Schmitt et al., 1999; Lamb et al., 2005; Chantigny et al., 2007) . Fertilization management of perennial grass crops, in the context of biomass production, must be optimized for economic and energetic reasons (Sanderson et al., 2006) . In a recent study, we showed that municipal biosolids and liquid swine manure are valuable sources of N for biomass production from old grass fields in the northern agricultural areas of Canada (Bélanger et al., 2017) . Most studies of N fertilization of reed canarygrass were conducted in the context of forage production with harvests at younger stages of development than those to be used in the context of biomass production. The use of municipal biosolids and liquid swine manure on reed canarygrass used for biomass biomass production and environmental considerations from reed canarygrass Fertilized with Organic residues in northern environments Sustainable biomass production on marginal lands of northern areas using cool-season perennial grasses and under-exploited N sources requires development. We determined the biomass production of reed canarygrass (Phalaris arundinacea L.) fertilized with municipal biosolid (MB), liquid swine manure (LSM), mineral fertilizer (M), or grown with a legume species and harvested either in July or October along with the consequences of soil contamination by nitrates and heavy metals. The experiment, conducted at two sites from 2009 to 2011, included three target N rates (40, 80, and 120 kg total N ha -1 ) applied in spring as either MB, LSM, or M along with an unfertilized control treatment and a treatment with kura clover (Trifolium ambiguum M. B.). Reed canarygrass responded positively to N application from all sources. Both sources of organic fertilization resulted in DM yield close to that obtained with mineral fertilization but seasonal DM yield was greater with LSM than with MB. Kura clover improved DM yield compared with reed canarygrass without N fertilization, but it was not sufficient to reach DM yields obtained with N fertilization. The three N sources did not affect residual soil nitrates in the fall at both sites, the soil solution nitrate concentrations measured during the growing season at one site, nor the soil accumulation of heavy metals (Cu, Zn, and Cd) in the fall of the last year at both sites. Our results confirm that, as an alternative to M use, MB and LSM are valuable N sources for reed canarygrass biomass in northern areas.
production with late harvests in the growing season has not been evaluated under the climate conditions of northern areas.
An alternative to inorganic fertilizers or organic residues is the use of a legume crop in mixture with a perennial biomass grass (George et al., 1995) , taking advantage of the N transfer from the legume species to the grass species (Høgh-Jensen and Schjoerring, 2000) . In a study conducted over a number of sites in northern Europe and Canada, mixtures of grasses and clovers were between 7 and 15% more productive than the most productive grass monoculture (Sturludóttir et al., 2013) . Kura clover (Trifolium ambiguum M. B.) is well known for its persistence (Taylor and Smith, 1997; Laberge and Seguin, 2005) and could be an alternative to other legume species for biomass production from perennial crops.
Our overall objective was to develop a sustainable biomass production system for marginal lands of northern areas using under-exploited N sources. Our specific objective was to determine the biomass production of reed canarygrass fertilized with a municipal biosolid or swine manure, or grown with a legume species and harvested either in July or October along with the environmental consequences in terms of soil contamination by nitrates and heavy metals. Table 1 . Average daily temperatures and total rainfall in the growing season of the three post-seeding years along with 30-yr avg. (1971-2000) are presented in Table 2 . The experiment was seeded at both sites in May 2008 with reed canarygrass (cv. Bellevue) at 9 kg ha -1 and included 11fertilization treatments and two harvest dates. The fertilization treatments were three target N rates (40, 80, and 120 kg total N ha -1 ) surface-applied in the spring of three post-seeding years as either MB, LSM, or mineral fertilizer (calcium ammonium nitrate, 27-0-0) along with an unfertilized control treatment and a treatment that consisted of seeding kura clover (cv. Endura) at 10 kg ha -1 with reed canarygrass. The three targeted N rates were chosen to cover the range of provincial recommendations for a single application on forage grasses (CRAAQ, 2003) . Kura clover seeds were inoculated with an appropriate peat-based rhizobial inoculant prior to seeding. Dates of fertilizer application are presented in Table 3 . No P and K fertilizers were applied. The treatments were arranged in a split-plot design with fertilization treatments as main plots and harvest dates (July and October) as subplots. The two harvest dates were chosen for characterizing the biomass for its potential use as conversion to ethanol or methane with the July harvest or combustion with the October harvest. No additional harvest was taken for the July harvest because of the poor regrowth, and the residues were left in place. The subplot size was 2 × 5 m at Sherbrooke and 2.25 × 5 m at Normandin.
MAteriALs And MetHOds
The actual N application rates along with the characteristics of MB and LSM are presented in Table 4 . The N concentration of the organic sources was not measured before the applications because of time constraints. Samples were taken on the day of application and later analyzed. The characteristics of MB and LSM were determined as in Gagnon et al. (2012) . Briefly, the pH was measured with a glass electrode using 5 g of fresh materials in 20 mL of distilled water. Dry matter content was determined after drying the materials at 55°C to constant weight. Total C was determined by loss-on-ignition. Total major nutrients (N, P, and K) were determined on a 0.1-g dry basis by wet acid digestion in the presence of H 2 SO 4 -H 2 SeO 3 and H 2 O 2 (Isaac and Johnson, 1976) . The NH 4 -N and NO 3 -N contents were determined by extraction with 1 mol L -1 KCl using a 1:25 material/extractant ratio by weight. Copper and Zn were determined on 1-g dried samples by dry ashing with recovery of ash in 2 mol L -1 HCl (Pelletier et al., 2007) and determined with an Inductively Coupled Plasma Optical Emission Spectrometer (Optima 4300 DV, PerkinElmer Corp., Norwalk, CT).
Measurements and sample Analysis
In the spring of 2008 and prior to seeding, a composite soil sample of 10 random soil cores were taken per block at the 0-to 15-, 15-to 30-, and 30-to 60-cm depths, and pooled. Soil samples were air-dried and sieved to 2 mm prior to analysis. Soil pH was measured in a 1:1 soil/water ratio (Hendershot et al., 1993) . Soils were extracted for P, K, Ca, and Mg using Mehlich-3 method (Mehlich, 1984) and determined with an Inductively Coupled Plasma Optical Emission Spectrometer (Optima 4300 DV, PerkinElmer Corp.). Total soil C and N concentrations were determined by dry combustion with an Elementar CN analyzer (Elementar, model Varian Macro CN, Hanau, Germany). Another set of soil (0-15 cm) samples were taken in the spring of 2009. They were extracted for Cu, Zn, and Cd using Mehlich-3 method (Mehlich, 1984) and determined with an Inductively Coupled Plasma Optical Emission Spectrometer (Optima 4300 DV, PerkinElmer Corp.).
Biomass DM yield was measured at each of the two harvest dates once per year (Table 3) by harvesting a 5.0 × 0.9 m area at a 5-cm height in each plot using a self-propelled flail-type Carter forage harvester (Carter MGF Co., Inc., Brookston, IN) at Sherbrooke, and a 5.0 × 0.6 m area using a walk-behind flail harvester (Swift Machine and Welding, Swift Current, SK, Canada) at Normandin. A fresh crop biomass sample of approximately 500 g was taken from each plot, weighed, and dried at 55°C in a forced-draft oven for 3 d for determination of DM concentration. Biomass samples were then ground using a Wiley mill (Standard model 3, Arthur H. Thomas Co., Philadelphia, PA) fitted with a 1-mm screen and stored at room temperature before laboratory analyses. Nitrogen in ground forage samples were extracted using a method adapted from Isaac and Johnson (1976) . Samples of 0.1 g were mineralized using a mixture of sulfuric and selenious acids. Nitrogen was quantified with an automated continuous-flow injection analyzer using the method 13-107-06-2-D (Model QuickChem 8000, Lachat Instruments, Loveland, CO). Nitrogen uptake was calculated as biomass DM yield multiplied by N concentration. The apparent N recovery was then calculated as:
[(N uptake with treatment-N uptake with unfertilized control)/N applied] × 100.
At the Sherbrooke site, one suction lysimeter (model 1900L24-B02M2, Soil Moisture Equipment Corp., Goleta, CA) was installed each spring in each plot that received a fertilizer N rate of 120 kg N ha -1 with the three N sources, and in the unfertilized control and kura clover plots. Lysimeters were installed about 3 wk (Table 3 ) before the treatment application and were maintained under tension and collected at each rainfall event until 24 h before the treatment application. The lysimeters consisted of 60-cm long and 4.8-cm outsidediameter PVC pipes, fitted with a porous ceramic cup with a 200 kPa air-entry value. A 60-cm deep hole was dug using a 5-cm diameter Dutch auger. The suction lysimeter was then inserted into the hole to ensure good contact with the soil and the hole was backfilled manually with the fill being placed at approximately the same depth from which it was excavated. The soil was tamped around the lysimeter to minimize preferential flow. Twice a week, a vacuum-test hand pump with gauge was used to maintain the suction lysimeter to a tension of -70 kPa and the soil water sample in each suction lysimeter was evacuated every 2 wk with a hand pump connected to a 1-L neoprene bottle for a total of 10 events per season (nine events in 2010). Soil water samples were frozen within 2 h and kept at -12°C until further analysis. The solution NO 3 -N concentration was determined by liquid chromatography on a Dionex 4000i equipped with a VDM-II UV-Vis-detector (Dionnex Corporation, Sunnyvale, CA).
At both sites, soil samples were taken in each plot at three depths (0-15, 15-30, and 30-60 cm) at the end of each growing season to determine the residual soil nitrates. Composite soil samples consisting of three soil cores per plot were collected with a 5-cm-diameter Dutch auger. Samples were kept frozen until analyzed. Soil moisture content was measured after oven drying at 105°C for 24 h. Soil NO 3 -N was extracted with 1 M KCl (1:10 soil/extractant ratio, 30 min shaking time). Extract NO 3 -N concentration was determined using the same equipment (Dionex 4000i) as described above. In the fall of the third and last year of the study (2011), soil (0-15 cm) samples were taken in all plots and they were extracted for P, K, Ca, Mg, Cd, Zn, and Cu using the Mehlich-3 method (Mehlich, 1984) and determined with an Inductively Coupled Plasma Optical Emission Spectrometer (Optima 4300 DV, PerkinElmer Corp.).
data Analysis
The experimental treatments were replicated four times in a split-plot layout with N fertilization treatments as main plots and harvest dates as subplots. For each site, biomass DM yield, biomass N accumulation, and apparent N recovery were subjected to an analysis of variance with N fertilization treatments and harvest dates as fixed factors, and replications and years as random factors. In the analysis of variance of the soil mineral and metal contents measured in the last year, the N fertilization treatments were considered fixed factors and replications as random factors. For soil NO 3 -N content, the analysis of variance Table 1 . Soil attributes at two sites in the spring of the seeding year in 2008. was conducted with N fertilization treatments and years as fixed factors, and replications as random factors, while the analysis of variance for soil solution NO 3 -N concentrations from suction lysimeters was run separately for each sampling date and year with N fertilization treatments as fixed factors and replications as random factors. Single-degree of freedom orthogonal contrasts were performed to specify differences among treatments as follows: unfertilized control treatment vs. all other treatments, Kura vs. all fertilizer treatments, organic sources (MB and LSM) vs. mineral fertilizer, MB vs. LSM, and the linear component of the response to N rates for each source of fertilizer. Analyses of variance were done with the GENSTAT 14 statistical software package (VSN International, 2011) . Statistical significance was postulated at P ≤ 0.05. The cumulative DM yield (Y) over 3 yr as a function of total N applied (N) over the 3 yr was fitted with a quadratic equation:
[1]
The N rate required to reach maximum DM yield (N max ) was then estimated using the fitted parameters of the quadratic equation:
[2]
The maximum yield (Y max ) and the yield with a cumulative application of 360 kg N ha -1 (Y 360 ) for three sources of N fertilization at the two sites with harvests either in July or in October were also calculated.
resULts dry Matter yield
The N fertilization treatments affected the DM yield at both Sherbrooke and Normandin (Table 5 ). The DM yield was less with the unfertilized control treatment than with all other treatments (Control vs. all others; Table 5 ). The DM yield with the unfertilized control treatment was 75% at the July harvest and 84% at the October harvest of the average of all other fertilization treatments at Sherbrooke, while it was 66 and 70%, Table 3 . Dates for lysimeter installation, N fertilizer application, harvests in July and October, and soil sampling at the end of the growing season at two sites over 3 yr. Cumulative degree-days (basis of 0°C) from 1 April to each harvest are presented in brackets. respectively, at Normandin. The positive response to the fertilization treatments, including the presence of kura clover, was therefore greater at the July harvest than at the October harvest.
With kura clover, the DM yield was less than with mineral and organic fertilization (Kura vs. MB, LSM, M; Table 5 ). The DM yield in the presence of kura clover was 87% at the July harvest and 86% at the October harvest of the average of all mineral and organic fertilization treatments at Sherbrooke, while it was 81% at both harvests at Normandin. Averaged across 3 yr, the DM yield with the unfertilized control treatment was 85% at the July harvest and 96% at the October harvest of the DM yield with the kura clover at Sherbrooke, while it was respectively 80 and 84% at Normandin. The visually estimated contribution of the kura clover to DM yield at the first harvest increased from 2% in 2009 and 5% in 2010 to 23% in 2011 at Sherbrooke, while it was around 42% in all 3 yr at Normandin.
The DM yield with both organic fertilization treatments was less than with the mineral fertilization treatment at Normandin and a similar trend (P = 0.070) was observed at Sherbrooke (MB, LSM vs. M; Table 5 ). The DM yield with both organic fertilization treatments was 86% at the July harvest and 90% at the October harvest of the mineral fertilization at Normandin, while it was 95 and 98%, respectively, at Sherbrooke. The DM yield with MB was less than with LSM at Sherbrooke and a similar trend (P = 0.078) was observed at Normandin (MB vs. LSM; Table 5 ). The DM yield with MB was 88% at the July harvest and 97% at the October harvest of the LSM at Sherbrooke, while it was 92% at both harvests at Normandin.
With all N sources, the DM yield increased with increasing N rates as indicated by the significant linear component of the effects of N fertilization rates with LSM and the mineral fertilization, and the near significant (P = 0.16 and 0.09 at Sherbrooke and Normandin, respectively) linear component for MB (LSM Linear, M linear, MB linear; Table 5 ). At both sites, the cumulative DM yield over the 3 yr increased with increasing rates of N fertilization (Fig. 1) and the estimated amount of total N applied required to reach maximum DM yield was less with the mineral fertilization (264-459 kg N ha -1 ) than with MB (386-474 kg N ha -1 ) and LSM (480-708 kg N ha -1 ) ( Table 6 ). The estimated maximum DM yield (Y max ) and the estimated DM yield with a total N application of 360 kg N ha -1 (Y 360 ) were also less with the organic N sources than with mineral fertilization except for LSM with the October harvest at Sherbrooke (Table 6) .
Harvest date also affected the DM yield of reed canarygrass. The DM yield was greater at the July harvest than at the October harvest at Sherbrooke (6.9 vs. 6.0 Mg DM ha -1 ) but tended (P = 0.078) to be greater at the October harvest at Normandin (4.3 vs. 4.1 Mg DM ha -1 ; Table 5 ). The DM yield response to the N fertilization treatments was the same with harvests either in July or in October at Normandin as indicated by the absence of a significant interaction between treatments and harvests (Table 5) . At Sherbrooke, however, this Table 5 . Dry matter biomass yield as a function of the fertilization treatments with harvests in July or in October at the Sherbrooke and Normandin sites. Data are average across 3 yr; probabilities of fixed effects and their interactions are also presented along with orthogonal contrasts to analyze the effects of the treatments. interaction was significant. The response to N fertilization was greater at the July harvest than at the October harvest (significant interaction: Harvest × Control vs. all others; not shown) and the response of LSM was greater than that of MB at the July harvest than at the October harvest (significant interaction: Harvest × MB vs. LSM; not shown).
crop nitrogen Accumulation
The N fertilization treatments affected N accumulation ( Table 7) . The N accumulation was less with the unfertilized control treatment than with all other treatments (Control vs. all others; Table 7 ). The N accumulation with the unfertilized control treatment was 60% at the July harvest and 71% at the October harvest of the average of all other fertilization treatments at Sherbrooke, while it was 56 and 61%, respectively, at Normandin. The N accumulation response to the N fertilization treatments was greater in July than in October at both sites as indicated by the significant interaction between treatments and harvests (Table 7) .
With kura clover, the N accumulation was less than with mineral and organic fertilization (Kura vs. MB, LSM, M; Table 7 ) at Sherbrooke, but greater at Normandin. The N accumulation in the presence of kura clover was 75% at the July harvest and 79% at the October harvest of the average of all mineral and organic fertilization treatments at Sherbrooke, while it was 109% in July and 120% in October at Normandin. Averaged across 3 yr, the N accumulation with the unfertilized control treatment was 78% at the July harvest and 88% at the October harvest of the N accumulation with the kura clover at Sherbrooke, while it was respectively 52% at both harvests at Normandin. Although the orthogonal contrasts did not allow a direct comparison of the control and kura clover treatments, our results suggest that kura clover contributed significantly to N accumulation either directly through its own N accumulation or indirectly through the N nutrition of reed canarygrass.
The N accumulation with both organic fertilization treatments was less than with the mineral fertilization treatment at Normandin but not at Sherbrooke (MB, LSM vs. M; Table 7 ). The N accumulation with both organic fertilization treatments was 95% at the July harvest and 94% at the October harvest of the average of the mineral fertilization at Sherbrooke, while it was respectively 80 and 86% at Normandin. The N accumulation with MB was less than with LSM at both sites (MB vs. LSM; Table 7 ). The N accumulation with MB was 84% at the July harvest and Fig. 1 . Cumulative DM yield of reed canarygrass over 3 yr as a function of total N applied over 3 yr at two sites with harvests in July or in October (MB: municipal biosolid; LSM: liquid swine manure; M: mineral fertilization). Fitted parameters of the quadratic functions are presented in Table 6 .
96% at the October harvest of that with LSM at Sherbrooke, while it was 96% at the July harvest and 95% at the October harvests at Normandin. The N accumulation increased with increasing N rates as indicated by the significant linear component of the effects of N fertilization (LSM Linear, M linear, MB linear; Table   7 ). Harvest dates also affected N accumulation with a greater N accumulation with the July harvest than with the October harvest.
Apparent nitrogen recovery
The N fertilization treatments affected the apparent N recovery at both sites. The apparent N recovery was greater with the mineral fertilization (average across N rates and harvest dates of 34 and 43%) than with LSM (19 and 39%) and MB (14 and   Table 6 . Parameters of the quadratic equation of cumulative DM yield over 3 yr as a function of total N applied (X) [Y = a + bX + cX 2 ] along with the N fertilizer rate required to reach maximum DM yield (N max ), the maximum DM yield (Y max ), and the DM yield with a cumulative application of 360 kg N ha -1 (Y 360 ) for three sources of N fertilization at two sites with harvests either in July or October. ‡ 40 N, 80 N, and 120 N respectively corresponds a target rate of 40, 80, and 120 kg total N ha -1 applied in the spring.
§ ns, not significant at P ≤ 0.05. ¶ The linear component of the response to N rates.
21%) at Normandin and Sherbrooke, respectively (MB, LSM vs. M; Table 8 ). The apparent N recovery was also greater with LSM (39%) than with MB (21%) at Sherbrooke (MB vs. LSM; Table 8 ). The apparent N recovery was not affected by the N rates of the three N sources, but it decreased with increasing N rates with both the mineral fertilization and LSM at Normandin. The apparent N recovery was greater when reed canarygrass was harvested in July than when it was harvested in October at both sites (Table 8) .
residual soil nitrates and soil solution nitrates in suction Lysimeters
Fall residual soil nitrates measured at the end of each growing season were not affected by the fertilization treatments in any of three sampling depths (0-15, 15-30, and 30-60 cm; data not shown) and cumulatively (0-60 cm) at both sites (Table 9 ). The content of residual nitrates was greatest in 2009 and least in 2010, and there was no significant interaction between years and the fertilization treatments. The mean soil solution NO 3 -N concentrations measured at a 60-cm depth at Sherbrooke across all sampling dates were not affected by the fertilization treatments in 2009 and 2011. In 2010, the mean soil solution NO 3 -N concentration across all sampling dates was greater with LSM than with MB (5.2 vs. 0 mg NO 3 -N L -1 ). Higher soil solution NO 3 -N concentrations were observed with the kura clover treatment on the first three sampling dates in 2009 (Fig. 2) . Soil solution NO 3 -N concentrations were near or below the 10 mg NO 3 -N L -1 guideline for drinking water throughout the growing season ( Fig. 2 ; Canadian Council of Ministers of the Environment, 1999).
soil Mineral and Heavy Metal contents
The soil P and Zn contents at Sherbrooke, and the soil Cu and Cd contents at Normandin were affected by the 3 yr of the fertilization treatments (Table 10 ). The soil K content, however, was not affected by the fertilization treatments. At Sherbrooke, the soil P content was greater in the unfertilized control treatment (43.1 mg kg -1 ) than with all other treatments (average of 35.5 mg kg -1 ), while the soil P content with the kura clover treatment (30.5 mg kg -1 ) was less than with all other fertilization treatments (average of 36.5 mg kg -1 ). The soil Zn content was greater with the organic sources of fertilization than with the mineral fertilization (1.43 vs. 1.22 mg kg -1 ), and less with MB than with LSM (1.35 vs. 1.52 mg kg -1 ). The soil Zn concentration increased linearly with increasing rates of application of MB and tended to increase with LSM (P = 0.097).
At Normandin, the soil Cu content was less with the unfertilized control treatment (1.14 mg kg -1 ) and the kura clover treatment (1.17 mg kg -1 ) than with all other fertilization treatments (1.36 mg kg -1 ). The soil Cu content was greater with the organic sources of fertilization than with the mineral fertilization (1.41 vs. 1.28 mg kg -1 ). The soil Cu concentration increased linearly with increasing rates of application of LSM. The soil Cd concentration was less with the unfertilized control treatment than with all other treatments (39.6 vs. 50.3 µg kg -1 ).
discUssiOn response to nitrogen Fertilization
Reed canarygrass responded positively to N applications and the response was in the same range as those reported in the same area. Average DM yields across the two harvest dates with no applied N were 72% at Sherbrooke and 56% at Normandin of those with 120 kg N ha -1 applied as a mineral fertilizer. In a 3-yr study conducted near Québec City (Canada) , the DM yield of reed canarygrass across three harvest dates with no applied N was 54% of that with 160 kg ha -1 (Bélanger et al., 2016) . In a study with timothy (Phleum pratense L.) conducted over 3 yr in the same area, seasonal DM yield without applied N ranged from 60 to 100% in a loam soil and from 50 to 62% in a sandy loam of that with an application of 120 kg N ha -1 (Chantigny et al., 2007) .
Both sources of organic fertilization resulted in DM yield close to that obtained with mineral fertilization. Averaged across 3 yr, two sites, and two harvest dates, DM yields were 71% with no N applied, 90% with MB, and 98% with LSM of that with mineral fertilization. Our results with LSM applied to reed canarygrass confirm those reported by Carter et al. (2010) for reed canarygrass grown in Vermont and by Warman (1986) and Chantigny et al. (2007) in eastern Canada for LSM applied to young (<4 yr) timothy grass fields. Liquid swine manure is, therefore, an alternative to mineral fertilizers for Table 10 . Soil (0-15 cm) mineral and heavy metal contents in the fall of the third year as a function of the fertilization treatments with harvests in October at the Sherbrooke and Normandin sites. Probabilities of the fixed effect are also presented along with orthogonal contrasts to analyze the effects of the treatments. reed canarygrass. Our results also confirm that municipal biosolids can be a valuable source of N for the production of reed canarygrass to be used as a source of biomass in northern areas.
Differences in apparent N recovery among the same three N fertilization sources have also been observed in an old grass field as part of the same overall research project (Bélanger et al., 2017) . Similar differences were reported in a study with the same types of N sources applied to timothy in Nova Scotia (Warman, 1986; Warman and Termeer, 2005) and in studies with a mineral fertilizer and LSM applied to timothy in Québec (Chantigny et al., 2007) and in Vermont (Carter et al., 2010) . The greater apparent N recovery with the mineral fertilizer than with the organic N sources could be due to the presence of organic N in LSM and MB along with the potentially greater NH 3 volatilization with organic N sources than with a mineral fertilizer (Chantigny et al., 2007) . Our results confirm that, for reed canarygrass, N derived from LSM and particularly MB is less available to plants than that of mineral fertilizers.
The application of all three N sources did not affect residual soil nitrates in the fall at both sites and the soil solution nitrate concentrations measured during the growing seasons at Sherbrooke. Although the apparent N recovery of total N measured in July was as low as 14% at Normandin and 25% at Sherbrooke, we could not detect any increases in soil residual nitrates or in soil water nitrate concentrations above the accepted limit for drinking water, even with the highest rate of N fertilization. The residual soil nitrates in the 0-15 cm soil layer did not exceed 27 kg ha -1 at Sherbrooke and 19 kg ha -1 at Normandin. In a study with timothy conducted over 3 yr in Québec (Canada) , soil nitrates in the 0-20 cm soil layer never exceeded 34 kg ha -1 following the application of a mineral N fertilizer or LSM (Chantigny et al., 2007) . Our results confirm that N fertilization of reed canarygrass, either with a mineral fertilizer or organic sources like LSM or MB, are unlikely to cause environmental N losses through N leaching.
Some increases in soil Zn in Sherbrooke and in soil Cu in Normandin were observed after 3 yr of application of the organic sources. The contents of extractable Cu, Cd, and Zn, however, were low and in the same range as in other studies conducted with organic amendments such as paper mill biosolids and swine manure in the same region (Li et al., 2011; Gagnon et al., 2012; .
effect of Harvest dates
Our results at Sherbrooke concur with those obtained in a study conducted with reed canarygrass near Québec City (QC, Canada) , in which delaying harvest from late July to mid-October decreased crop biomass DM yield of reed canary grass by 0.8 Mg DM ha -1 (Bélanger et al., 2016) . The DM yield of reed canarygrass also decreased with a delayed harvest in the United Kingdom (Christian et al., 2006) but it increased in Estonia (Heinsoo et al., 2011) and northern Sweden (Landström et al., 1996) , and was unchanged in southern Sweden (Landström et al., 1996) . This decrease in DM yield was probably caused by leaf senescence and the resulting leaf losses. As a result, the N accumulation (59 vs. 95 kg N ha -1 ) and the apparent N recovery (20 vs. 48%) was also less with the October harvest that with the July harvest at Sherbrooke.
Although there were some significant interactions between fertilization treatments and harvest dates, the response to the N fertilization treatments was largely the same at the two harvest dates. Our results are similar to those obtained in a study with four rates of N fertilization and four harvest dates of reed canarygrass grown in in the same area (Bélanger et al., 2016) .
Kura clover
In absence of N fertilization, kura clover in mixture with reed canarygrass improved DM yield compared with reed canarygrass grown alone. This increase, however, was not sufficient to reach DM yields obtained by reed canarygrass with N fertilization. Hence, seeding kura clover with reed canarygrass could not replace entirely mineral or organic fertilization despite having been reported to fix as much as 158 kg N ha -1 when managed as a source of forage (Seguin et al., 2000) . Kura clover is well known for its persistence but its establishment is often slow. This was particularly the case at Sherbrooke. Data for more than three post-seeding years would be required to establish the long-term fertility benefits of adding kura clover to reed canarygrass with the objective of limiting the use of fertilizers while producing high biomass DM yields. Adding a cool-season legume was shown to improve switchgrass yield compared to an inorganic fertilizer (George et al., 1995) . Fast-establishing legume species such as red clover (Trifolium pratense L.) might have provided more fertility benefits in the first post-seeding years but, possibly, at the expense of a greater competition to switchgrass. cOncLUsiOns Under-exploited N sources, particularly LSM and to a lesser extent MB, provide sufficient N for the production of reed canarygrass biomass in northern areas and their use is unlikely to have significant negative environmental consequences in terms of nitrate leaching and heavy metal accumulation. The presence of kura clover with reed canarygrass improves DM yield in the first three post-seeding years but not sufficiently to reach DM yields obtained with N fertilization.
